Abstract. Bone mesenchymal stem cells (MSCs) are an excellent donor graft source due to their potential for self-renewal and multidirectional differentiation. However, it is difficult to obtain high quality MSCs and to induce them to differentiate into neuron-like cells. Fasudil, a Rho kinase inhibitor, exhibits therapeutic potential in spinal cord injuries and stroke. The present study investigated the effect of fasudil on the differentiation of MSCs into neuron-like cells. MSCs were obtained from rat femur marrow, expanded in culture medium, and used at the third passage for subsequent experiments. MSCs were pre-induced with 10 ng/ml basic fibroblast growth factor (bFGF) for 24 h, which was followed by induction with fasudil. A control untreated group and a group treated with fasudil + XAV939, a Wnt/β-catenin pathway inhibitor, were also used in the present study. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR), western blot analysis and immunofluorescence staining were performed in order to detect neuron-specific markers, including neuron-specific enolase (NSE), nestin and neurofilament-M (NF-M). Following induction with fasudil, neuron-like cell morphology was observed. In the fasudil + XAV939 and control groups, no obvious changes in cell shape were observed. The results of RT-qPCR, western blot analysis and immunofluorescence staining indicated that expression of the neuron-specific markers NSE, nestin and NF-M was detected in the fasudil group. The differentiation of MSCs into neuron-like cells induced by fasudil was eliminated when the Wnt/β-catenin pathway was inhibited. The present study demonstrated that fasudil may induce MSCs to differentiate into neuron-like cells, however further studies are required to determine the specific mechanisms involved in the effect of fasudil on the Wnt/β-catenin pathway. In addition, further research is required to examine the functional characteristics of the induced neuron-like cells, in order to establish their suitability for clinical treatments in the future.
Introduction
The bone marrow contains two types of stem cells: Hematopoietic stem cells and bone mesenchymal stem cells (MSCs). MSCs have the capacity to differentiate into various cell types, including muscle cells, cardiac muscle cells, hepatocytes, astrocytes, neurons, hematopoietic cells and myogenic elements (1) (2) (3) (4) . Furthermore, administration of MSCs has therapeutic benefits in animal models of cerebral ischemia and trauma (5) (6) (7) (8) . Additional studies have indicated that MSCs promote peripheral nerve regeneration, and maybe used as a cell substitution therapy for central nervous system injury and retrograde diseases (9) (10) (11) . Given their potential, MSCs are presently a topic of intense interest in life sciences research.
A variety of chemicals and growth factors have been previously demonstrated to induce transdifferentiation of MSCs into neural-like cells in vitro (12) (13) (14) . However, it has also been reported that the morphological changes and immunoreactivity for neural markers in cultured MSCs induced by these treatments may be associated with cellular toxicity, cell shrinkage and cytoskeletal changes, therefore indicating that the efficiency of differentiation is unstable (12) (13) (14) (15) .
Fasudil is a specific inhibitor of Rho kinase (ROCK) and previous studies have indicated that ROCK is directly implicated in neuronal damage (16) (17) (18) (19) . Inhibition of ROCK was reported to reduce apoptosis in embryonic stem cell-derived neural precursor cells following transplantation (20) . Another report indicated that fasudil protects against ischemia-induced delayed neuronal death when treatment is initiated 24 h following ischemia (21) . In addition, fasudil is reported to induce the proliferation and differentiation of adult brain neural stem cells in the subventricular zone in mice following hypoxia/reoxygenation injury (22) . Several
Fasudil may induce the differentiation of bone marrow mesenchymal stem cells into neuron-like cells via the Wnt/β-catenin pathway
studies, including preliminary results from the present study, have demonstrated that fasudil induces bone marrow MSCs to differentiate into neuron-like cells (23) (24) (25) . The mechanisms involved in this process remain unclear, however, previous reports have indicated that the Wnt/β-catenin signaling pathway is involved in regulating MSC differentiation into neuron-like cells (26, 27) , and that cross-talk exists between the Wnt/β-catenin signaling pathway and the ROCK pathway (28) (29) (30) . Therefore, the present study tested the hypothesis that the Wnt/β-catenin signaling pathway may mediate the fasudil-induced differentiation of MSCs into neuron-like cells. Separation and culture of MSCs. Rat femurs were extracted under aseptic conditions. Marrow cells were washed out with 2 ml L-DMEM containing 10% FBS. Following centrifugation at 4˚C with 150 x g for 5 min, the supernatant and fat layer was discarded. Standard culture medium (containing 10% FBS, α-MEM, 100 U/ml penicillin and 100 µg/ml streptomycin) was added to the precipitate and thoroughly mixed. The cells were incubated in a humidified atmosphere containing 95% air and 5% CO 2 . After 24 h, fresh medium was added and non-adherent cells were discarded. The medium was then changed every other day. When MSCs reached 80-90% confluence, they were digested by 0.25% trypsin containing 0.02% EDTA for 3-5 min, and digestion was terminated by adding standard culture medium. Following centrifugation (4˚C, 150 x g, 5 min), the supernatant was removed and standard culture medium (diluted 1:2) was added for further expansion. Cell growth was observed every day under an inverted phase contrast microscope. Specimens from the third or fourth passage of MSCs were used for the subsequent experiments.
Materials and methods

Animals
Identification of MSCs MSC growth curve determination. Third passage MSCs with good growth were digested with 0.25% trypsin to make single cell suspension, then cells (1x10 4 /ml) were inoculated on a 96-well culture plate. Each group was made in triplicate, and placed in an incubator at 37˚C and 5% CO 2 for 1-7 days, during which time the medium was changed every other day. Starting at the second day, 20 µl MTT (5 mg/ml) was added every morning, and incubated for 4 h. Following medium removal, 150 µl dimethyl sulfoxide was added at room temperature for 10 min. The absorbance value of each well was detected at 490 nm wavelength with a spectrophotometer.
Flow cytometry. Third passage MSCs (1x10 4 /ml) were carefully suspended in the residual volume of staining buffer and then 200 µl of freshly prepared cold fixation buffer (Haoran bioscience, Inc., Shanghai, China ) was added. To fix the cells, they were then incubated for 30 min at 4˚C in the dark. Then, the sample was centrifuged at 1,000 x g for 5 min and the fixative removed. To permeabilize the cells, careful suspension of the cell pellet in another 200 µl of freshly prepared pre-warmed (37˚C) permeabilization buffer (Haoran Bioscience, Inc.) was performed and the cells were then incubated for 30 min at 37˚C in the dark. Next, the cells were centrifuged at 1,000 x g for 5 min and the buffer removed. To wash the cells, 200 µl of PBS was added to each tube, centrifuged at 1,000 x g for 5 min and then the buffer removed. Blocking was performed with 10% goat serum (Thermo Fisher Scientific, Inc.) at 37˚C for 2 h. Then, the cells were labeled with CD34 (1:2,000; cat. no. ab81289), CD44 (1:2,000; cat. no. ab157107), CD29 (1:2,000; cat. no. ab30394) and CD45 (1:2,000; cat. no. ab10558) (all from Abcam, Cambridge, UK) at room temperature in the dark for 30 min. The cells were then washed with PBS to remove any unbound antibodies. Cells were then incubated with FITC-labeled goat anti-mouse secondary antibody (1:5,000; cat. no. ab6785; Abcam) at 37˚C for 30 min. The stained cells were analyzed using a Becton-Dickinson FACScan flow cytometer using WinMD I software (version 2.9; BD Biosciences, Franklin Lakes, NJ, USA).
Cell treatment and morphological observation. Third passage MSCs (1x10 4 /ml) were seeded into 24-well plates with a prepared coverslip in an incubator at 37˚C and 5% CO 2 . The culture medium consisted of 10% FBS in α-MEM. When cells reached ~80-90% confluence, the medium was removed and pre-induction solution (culture medium containing 10 ng/ml bFGF) was added to each well for 24 h, after which the pre-induction solution was removed. Subsequently, DMEM with 10% FBS and 200 µmol/l fasudil was added to the fasudil group, DMEM with 10% FBS, 200 µmol/l fasudil and 8 µmol/l XAV939 was added to the fasudil + XAV939 group, and DMEM with 10% FBS alone was added to the control group. Morphological cell changes were observed with an inverted light microscope following induction for 6, 24 and 48 h.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following induction of the three groups for 24 h, total RNA was extracted using TriPure Isolation Reagent (Roche Diagnostics, Indianapolis, IN, USA) and RNA concentrations were measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.), RNA (2 µg) was reverse-transcribed using the All-in-One First-Strand cDNA Synthesis kit (QP009; GeneCopoeia, Inc., Rockville, MD, USA). The transcripts of interest and housekeeping gene β-actin were amplified from cDNA using the SYBR-Green-based All-in-One qPCR Mix (GeneCopoeia, Inc.) and specific primers. Primer sequences are listed in Table I . Amplification and detection were performed on a real-time PCR detection system as follows: Denaturation at 95˚C for 10 min and 40 cycles of denaturation at 95˚C for 10 sec, annealing at 60˚C for 20 sec and extension at 72˚C for 15 sec. Each sample was in two parallel cavities and tests were performed in triplicate. The results were analyzed using the 2 -ΔΔCq method (31) .
Western blot analysis. Following induction of the three groups for 24 h, total protein extracts were collected for western blot analysis. Cells were lyzed in ice-cold radioimmunoprecipitation assay buffer (containing 1 µM pepstatin A, 1 mM iodoacetic acid and 0.4 mM PMSF) in the presence of a protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). For nuclear β-catenin, nuclear protein extract was isolated from the lysates using a Nuclear Extract kit (Active Motif, Carlsbad, CA, USA Statistical analysis. Data are presented as the mean ± standard deviation. One-way analysis of variance followed by Dunnett's post hoc test was performed to determine significant differences among the experimental groups. P<0.05 was considered to indicate a statistically significant difference. GraphPad Prism version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis.
Results
Identification of Rat MSCs
Morphological changes under light microscopy. Primary isolated MSCs grew slowly at first, until cells attached to the bottom of the cell culture flask at 48 h, after which they proliferated rapidly. As presented in Fig. 1 , on day 7, 80-90% Table I . Sequences of primers used in reverse transcription-quantitative polymerase chain reaction.
of primary isolated MSCs were attached to the bottom of cell culture flask without overlapping. Then primary culture MSCs were subcultured. Just after passage, MSCs attached completely to the bottom of cell culture flask, spread and changed into a long fusiform morphology. After another 24 h, the cells proliferated rapidly.
Growth curve of MSCs (data not shown).
After the first two days, there was no significant change in absorbance, indicating that it was the latent period of cell growth phase. After day 3, absorbance increased significantly, which indicated that there was a logarithmic growth phase and, after the day 6, absorbance stopped increasing, suggesting that contact inhibition of the cell growth phase had begun. The observed growth pattern was consistent with the growth characteristics of stem cells.
Cell cycle of MSCs. Flow cytometry demonstrated that 93.99% of third passage MSCs were at the G0/G1 phase, 0.54% cells were at the G2/M0 phase and 5.46% cells were at the S phase, as presented in Fig. 2 . These results suggest that the majority of cells were in the resting stage and only a few cells were in the active proliferative phase in vitro, which indicated that the potential of differentiation was consistent with stem cell characteristics.
Surface markers of MSCs. CD29, CD44 are important surface markers of MSCs. MSCs and hematopoietic stem cells both exist in the bone marrow, but MSCs do not express hematopoietic cell surface antigens, including hematopoietic stem cell marker antigen CD34, leukocyte marker antigen CD45. The results of surface marker analysis by flow cytometry indicated that the cells were negative for the expression of CD45, CD34, indicating that the cultured cells were non-hematopoietic cells.
In addition, cells were positive for CD29 and CD44, indicating that the cultured cells were MSCs (Fig. 3) .
Morphological changes following induction with fasudil.
The cell morphology of MSCs pre-induced by 10 ng/ml bFGF for 24 h did not change compared with cells without pre-induction (data not shown). As demonstrated in Fig. 4 , compared with the control group, cells in the fasudil group began to shrink, changed from spindle-shaped and flat to round and smaller, formed slender processes and presented with neuron-like cellular shapes at 6 h of incubation. After 24 h, an increased number of neuron-like cells were observed, and certain cells pulled into network-like structures (Fig. 4) . After 48 h, cell synapses of MSCs fractured and dissolved, the network-like connections disappeared and the number of cells was reduced (Fig. 4) . No marked changes in cell shape were observed in the fasudil + XAV939 group after 6 h, with only a limited amount of cell body shrinkage and no cell processes observed. After 24 and 48 h, some cell processes were observed, but no obvious network-like connection. Compared with the control cells, these cells were larger, more outspread and more fibroblast-like.
RT-qPCR results following induction for 24 h.
In order to confirm the neural differentiation of MSCs by fasudil, the mRNA expression levels of the neuron-specific genes NSE, nestin and NF-M were analyzed. It was observed that fasudil-induced cells expressed significantly higher levels of mRNA for NSE, nestin and NF-M, compared with the control group (P<0.05; Fig. 5A-C) , indicating that genes for neural function were activated in MSCs following induction with fasudil. Compared with the fasudil group, the mRNA expression levels of NSE, nestin and NF-M in the fasudil + XAV939 group was significantly lower (P<0.05; Fig. 5A-C) . These results indicate that inhibition of the Wnt/β-catenin pathway by the specific inhibitorXAV939 partially reversed the effects of fasudil on MSCs.
The mRNA expression levels of β-catenin were also investigated. Expression of β-catenin wasincreased significantly in the fasudil group compared with the control group (P<0.05; Fig. 5D ), indicating that fasudil may increaseWnt/ β-catenin pathway activity in bone marrow MSCs. The expression of β-catenin mRNA in the fasudil + XAV939 group decreased significantly (P<0.05) compared with the fasudil group, indicating that the activity of the Wnt/β-catenin pathway activity was decreased by the XAV939 specific inhibitor.
Together, these results indicate that fasudil may induce bone marrow MSCs to differentiate into neuron-like cells by enhancing expression of NSE, nestin and NF-M. Furthermore, the results indicate that the Wnt/β-catenin pathway may be involved in this process.
Western blot analysis results following induction for 24 h.
In order to more accurately detect neuronal cell-associated gene expression changes at the protein level, protein extracts were examined by western blot analysis. As demonstrated in Fig. 6 , the protein expression levels of β-catenin in the nucleus was increased in the fasudil group compared with the control group, indicating that fasudil may increase the activity of the Wnt/β-catenin pathway in bone marrow MSCs. The expression of β-catenin protein in the fasudil + XAV939 group decreased significantly compared with the fasudil group, indicating the inhibitory effect of XAV939 on the Wnt/β-catenin pathway. The expression of nestin, NSE and NF-M significantly increased in the fasudil group compared with the control group, indicating that induction with fasudil caused cells to express the neuronal-specific proteins. Expression of nestin, NSE and NF-M in the fasudil + XAV939 group was similar to the control group, indicating that the differentiation effect of fasudil was eliminated when theWnt/β-catenin pathway was inhibited.
Immunofluorescence staining results for NSE, NF-M and nestin. In the control group and fasudil + XAV939 group, no obvious positive immunofluorescent staining cells were observed (data not shown). After cells were induced by fasudil for 6 h, the average positive rate of immunofluorescent staining was 81.93% for NSE, 33.28% for NF-M and 39.45% for nestin (Table II) , with a simple monopolar or bipolar appearance (data not shown), indicating that the induced cells were neural stem cells. After 24 h of induction, the average positive rate of immunofluorescent staining was 76.52% for NSE, 45.31% for NF-M (P<0.05 vs. 6 h induction; Table II ) and 68.81% for nestin (P<0.05 vs. 6 h induction; Table II ), indicating that with time, MSCs gradually differentiated to neuron-like cells and expression of neuron-specific proteins, including NF-M and nestin, increased. After 48 h of fasudil induction, the average positive rate of immunofluorescent staining increased to 69.35% for NF-M (P<0.05 vs. 6 and 24 h; Table II ) and 78.95% for nestin (P<0.05 vs. 6 and 24 h; Table II ). There was no significant increase in the expression of NSE between 6 and 48 h of induction. (Table II) . The immunofluorescence staining results of NSE, NF-M and nestin following induction with fasudil for 48 h are presented in Fig. 7 .
Discussion
Studies have demonstrated that MSCs promote nerve repair following a brain hemorrhage or spinal cord injury (32-34). Kopen et al (35) injected mouse MSCs into the central nervous system of neonatal mice and observed morphological and phenotypic characteristics of neurons and astrocytes. Following this, a growing number of studies have demonstrated that MSCs, under certain conditions, appear to transform into neurons (15, 26, 32 (36) . Given this, a number of studies have explored the mechanisms that are involved in the differentiation of MSCs into neural cells, including 3-isobutyl-1-methylxanthine and dibutyryl cyclic AMP (37), hepatocyte growth factor and vascular endothelial growth factor (38) , retinoic acid and bFGF (39) , glutathione (40) and the phosphatidylcholine-specific phospholipase C inhibitor D609 (41) .
When MSCs differentiate into neurons, cells need to rebuild their cytoskeleton and the cell body shrinks to become spherical or conical and send out axons and dendrites, accompanied by the expression of neural cell-specific proteins. The RhoA/ROCK signaling pathway is primarily involved in cell migration, gene transcription, cell proliferation and apoptosis. Studies have demonstrated that ROCK inhibitors improve the survival rate of embryonic stem cells and decrease the apoptosis of neural precursor cells differentiated from embryonic stem cells (20) . It has also been demonstrated that when using the ROCK inhibitor Y-27632, MSCs differentiate into neuron-like cells through cell-cycle arrest (42) . Furthermore, cotreatment with the prolyl hydroxylase inhibitor FG-0041 and the ROCK inhibitor Y-27632 results in morphological changes of MSCs into neuron-like cells, increased neuronal marker expression and modifications of cell cycle-related gene expression consistent with the cell cycle arrest of MSCs (43) . ROCK is a major effector molecule of intracellular myelin inhibitory signaling, and has an important role in the adjustment of axon growth. In addition to the inhibition of cellular proliferation, the Rho/ROCK pathway has a negative regulatory role in neuritogenesis, which is one of the first steps of neuronal differentiation (44) (45) (46) (47) . Activation of the Rho/ROCK pathway causes axonogenesis to be inhibited, whereas inhibition of this pathway induces the early outgrowth of neurites (48, 49) . It has been previously reported that fasudil may inhibit the Rho/ROCK pathway to increase endothelial nitric oxide synthase (eNOS) expression, resulting in an increase in eNOS activity and NO production, and reduced oxygen free radical damage to the nerve cell membrane, which is important in the development and remodeling of nerves and the formation of neural networks (50, 51) . Fasudil blocks the activity of ROCK by competing with ATP for the binding sites in the ROCK catalytic domain. Therefore, it not only inhibits the activities of intracellular free calcium, but also protein kinase and myosin light chain phosphatase, and thus the phosphorylation of the myosin light chain. This causes vascular smooth muscle to relax and blood vessels to expand to promote nervous growth and improve the recovery of neurological function following injury (52, 53) . In the present study, the results demonstrated that fasudil induced MSCs to differentiate into neuron-like cells. Following induction by fasudil, the cell body of MSCs became smaller and round with slender processes, presenting a neuron-like cellular shape. Overtime, an increased number of neuron-like cells were observed, and some cells pulled into network-like structures. In addition, neuron-specific markers, including NSE, nestin, and NF-M were detected by RT-qPCR, western blot analysis and immunofluorescence staining, indicating that MSCs differentiated into neuron-like cells based on cell morphology and gene expression.
Various signaling pathways are involved in the differentiation of MSCs into neurons in vitro, including Notch, Sox and Wnt/β-catenin pathways (27, 54) . The Wnt/β-catenin signaling pathway is a conserved signaling pathway and has key roles in the regulation of cell growth, migration and differentiation. β-catenin is a key molecule in the canonical Wnt signaling pathway. It interacts with a variety of cytokines to activate relevant downstream target genes, and the nuclear expression of β-catenin determines the activity of the canonical Wnt pathway. Previous studies have reported that β-catenin controls the growth of neural precursor cells and the balance of cell proliferation and differentiation (55) . The present study investigated the role of the Wnt/β-catenin pathway in fasudil-induced differentiation of MSCs into neuron-like cells. The results demonstrated that in the process of fasudil-induced differentiation of MSCs into neuron-like cells, fasudil increased β-catenin mRNA expression and the amount of β-catenin protein in the nucleus. By blocking the Wnt/β-catenin pathway with the specific inhibitor XAV939, the β-catenin mRNA expression and the content of β-catenin in the nucleus was decreased, and the ability of fasudil to induce the differentiation of MSCs into neuron-like cells was reduced. In the fasudil + XAV939 group, no obvious changes in cell shape were observed after 6 h, with limited cell body shrinkage and the appearance of some triangle-like cells, but with no cell processes. Furthermore, the expression of NSE, NF-M and nestin proteins was similar to the expression in the control group and there were no obvious positive immunofluorescent stained cells, indicating that the effect of fasudil on the differentiation of bone marrow MSCs into neuron-like cells was eliminated when the Wnt/β-catenin pathway was inhibited.
Various factors in the microenvironment influence the differentiation of MSCs into different cell types, including chemokines, cytokines, growth factors, nutrients and hormones. The present study demonstrated that fasudil induced MSCs to differentiate into neuron-like cells, and the Wnt/β-catenin pathway may have an important role in this process. Further studies examining the specific mechanisms involved in the process, such as how fasudil regulates the activity of the Wnt/β-catenin pathway, are required. Further studies will also be required in order to investigate the functional characteristics of the induced cells, in order to test whether this method may be useful for clinical application in the future.
